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interaction oscillation measurement with a common de-
tector and multiple baselines. The main technical issue
in the two-target cyclotron design is maintaining a good
vacuum in the two-prong extraction line. The beam will
be “painted” across the face of each target in order to
prevent hot spots in the graphite, an e↵ect which will
dominate the ±25 cm uncertainty on the experimental L
from each neutrino source. The targets will be arranged
in a row enveloped within a single iron shield, with the
detector located 20 m downstream of the near target and
40 m downstream of the far target. This configuration
has been found to provide the best overall sensitivity to
the LSND allowed region.

The analysis below exploits the L dependence of neu-
trino oscillations. Therefore, the flux of protons on each
target must be well understood in time; standard proton
beam monitors allow a 0.5% measurement precision. The
absolute neutrino flux is less important, as sensitivity to
the oscillation signal depends on relative detected rates
at the various distances. The systematic uncertainty as-
sociated with the flux normalization is 10% if there is no
large water or oil detector available and 1.1% if such a
detector does exist [36]. A high statistics ⌫-electron scat-
tering measurement at a large water detector provides a
precise determination of the flux normalization.

IV. DETECTING COHERENT NEUTRINO
SCATTERING

Coherent neutrino-nucleus scattering, in which an in-
coming neutrino scatters o↵ an entire nucleus via neu-
tral current Z exchange [41], has never been observed
despite its well predicted and comparatively large stan-
dard model cross section. The coherent scattering cross
section is
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where GF is the Fermi constant; QW is the weak charge
[QW = N � (1 � 4 sin2✓W )Z, with N , Z, and ✓W as

0 10 20 30 40 50
0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

Neutrino Energy HMeVL

Fl
ux
HA
rb
.u
ni
ts
L

⌫µ ⌫µ

⌫e

FIG. 1: Energy distribution of neutrinos from a DAR source.

the number of neutrons, number of protons, and weak
mixing angle, respectively]; M is the nuclear target mass;
T is the nuclear recoil energy; and E⌫ is the incoming
neutrino energy. The ⇠5% cross section uncertainty, the
actual value depending on the particular nuclear target
employed, is dominated by the form factor [42].
Coherent neutrino scattering is relevant for the under-

standing of type II supernova evolution and the future de-
scription of terrestrial supernova neutrino spectra. Mea-
suring the cross section of the process also provides sensi-
tivity to non-standard neutrino interactions (NSI) and a
sin2 ✓W measurement at low Q [31]. Cross section mea-
surements as a function of energy on multiple nuclear
targets can allow the cross section dependence on NSI
and ✓W to be isolated and understood. As demonstrated
here, neutrino oscillations can also be cleanly probed us-
ing coherent scattering.
The di�culty of coherent neutrino scattering detection

arises from the extremely low energy of the nuclear recoil
signature. For example, a 20 MeV neutrino produces a
maximum recoil energy of about 21 keV when scattering
on argon. Both a CDMS-style germanium detector [34]
and a single phase liquid argon detector, such as the one
proposed for the CLEAR experiment [33], are consid-
ered in this paper for detecting these low energy events.
Other dark matter style detector technologies, especially
those with ultra-low energy thresholds, can be e↵ective
for studying coherent neutrino scattering as well.

A. Experimental Setup

The envisioned experimental setup is consistent with
the current DAE�ALUS accelerator proposal and follows
a realistic detector design. A single DAE�ALUS cy-
clotron will produce 4⇥ 1022 ⌫/flavor/year running with
a duty cycle between 13% and 20% [37, 39]. A duty cy-
cle of 13% and a physics run exposure of five total years
are assumed here. With baselines of 20 m and 40 m,
the beam time exposure distribution at the two baselines
is optimal in a 1 : 4 ratio: one cycle to near (20 m),
four cycles to far (40 m). Instantaneous cycling between
targets is important for target cooling and removes sys-
tematics between near and far baselines associated with
detector changes over time. The accelerator and detector
location is envisioned inside an adit leading into a sharp
300 ft rise at the Sanford Research Facility at Homes-
take, in South Dakota. The neutrino flux normalization
uncertainty at each baseline is conservatively expected
at 1.5%. We assume the flux has been constrained to
this level by an independent measurement of ⌫-electron
scattering with a large water-based Cerenkov detector
also assumed to be in operation at Sanford Labs. The
1.5% uncertainty estimate takes into consideration the
theoretical uncertainty in the ⌫-electron scattering cross
section and the statistics achievable with a large water
detector. The flux normalization correlation coe�cient
between the near and far baselines is conservatively set
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CEvNS at nuclear reactors 
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CEvNS at reactors requires low backgrounds, and low threshold detectors 
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Exploring Simplified Models of Neutrino NSI: Low-Energies vs. Long-Baselines
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We employ a framework of simplified models to explore the available parameter space of of non-
standard neutrino interactions (NSI). We use current global oscillation, LHC, and neutrino scattering
data to constrain these models. In the near-term, better constraints will come from long-baseline
experiments like NO⌫A and DUNE but also importantly low-energy coherent neutrino-nuclear and
neutrino-electron scattering data. We find that if DUNE uncovers evidence of NSI it will imply the
existence of a ⌫-mediators lighter than 10 GeV. Moreover, dedicated coherent ⌫-nucleus experiments
can vastly extend the reach beyond DUNE. In models with equal couplings to charged leptons, the
strength of the limits will only be extended and the upper bound on detectable NSI mediator masses
only further constrained.

I. INTRODUCTION

At low-energies NSI is encompassed by the Lagrangian

LNSI � "
p
2GF ⌫̄�µ⌫f̄�µf (1)

where f = u, d, e and " parameterizes the strength of NSI in units of the the electroweak Fermi constant GF '
10�5 GeV�2. The interest in NSI originally arose from the novel flavor impact such an interaction can have [1]
from the coherent forward scattering on neutrinos on the medium. This can thought of as an index of refraction for
neutrinos.

The e↵ects become of LNSI become important whenever the matter potential is comparable to (or larger than) the
vacuum oscillation piece of the Hamiltonian

p
2"NGF & �m2

2E
. (2)

When the matter potential is the larger piece of the Hamiltonian, mixing angles are suppressed relative to their
vacuum values. And of course the well MSW resonance e↵ect can occur when
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FIG. 1: Two classes of models for NSI. The first completion involves a neutral vector mediator. The latter involves a color
charged scalar (i.e. a leptoquark). Leptoquark completions were extensively studied in [2], which found no room for sizeable
NSI.

II. SIMPLIFIED MODELS

The dimension-6 NSI operator can be completed in a number of specific models. For example, Lepto-quarks and
R-parity violating SUSY models are NSI completions that involve new SU(3)-charged states. In contrast, Z 0 models
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FIG. 1: Neutrino nucleus scattering diagrams. Fig. 1(a) is for dark hypercharge and dark Z bosons and Fig. 1(b) is
for the Lµ � L⌧ model.

VI. RESULTS

In Fig. 2 we show the COHERENT and reactor reach on ✏B as a function of MZ0 using the couplings shown
in Eq.(7) and compare it to limits from fixed target, atomic parity violation experiments and the BaBar results.
The points where the curves plateau correspond to the energy scale of each experiment above which MZ0 dominates
over the momentum dependence. In the region allowed by the fixed target experiments, we find that current and
projected limits from CE⌫NS measurements provide stringent constraints (10�5 < ✏ < 10�2) in the mass range
1MeV . mZ0 . 10 GeV, almost as strong as existing limits from atomic parity violation. The Babar results provide
better constraints for mZ0 ⇠ 10 GeV. Below about 10 MeV, the future COHERENT constraints are comparable to
those from atomic parity violation and reactor experiments are projected to provide stronger limits thanks to the low
energies of reactor neutrinos.

In Fig. 3, we show the same constraints applied to ✏Z for the case of a dark Z boson, as given in Eq. (8). The
constraints are similar to the dark hypercharge case with two main di↵erences. First, the window where the CE⌫NS
constraints start competing with atomic parity violation lies outside the bounds of fixed target experiments. Second,
for high values of mZ0 the CE⌫NS limits become independent of the exposure and detector material. This e↵ect is
due to the nature of the Z 0 coupling as well as the high luminosity compared to the assumed systematic uncertainty.

In the dark Z 0 scenario the ratio of BSM to SM couplings to protons and neutrons are identical and equal to
0.27(✏Z/mZ0)2, which limits the distinguishing power of detectors with di↵erent proton and neutron content. Coupled
with the fact that the number of expected events is su�ciently large for the systematic uncertainty to dominate the
statistical uncertainty, this leads to the merger of limits from di↵erent detectors and exposures. Note that the same
cannot be said about the dark hypercharge scenario. In this case, the relative couplings to protons and neutrons are
�3.3(✏Z/mZ0)2 and 0.06(✏Z/mZ0)2 respectively which significantly enhances the reach when di↵erent detectors are
combined.

This can also be demonstrated using Eq. (14). After maximizing the expression with respect to the nuisance

parameter � and defining k ⌘
Npred

Nbg+Nexp
, we get:
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where in the second line we used the fact that 1/�2 is small compared to Nexp. As mentioned earlier, the Z 0 coupling
relative to the Z coupling is universal in the dark Z scenario which means that k is the same for all detectors and
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FIG. 3: The current and future bounds on the mixing ✏Z in the dark Z case are plotted as a function of the Z 0 mass
MZ0 . The solid blue curve is the current COHERENT limit, the orange dashed and green dot-dashed curves are

derived future projections for COHERENT for di↵erent luminosities, the red dotted curved is the future projection
for a reactor experiment, the purple large-dotted curve is from atomic parity violation, and the grey regions are from
the NA48/2, E774, E141, and E137 fixed target experiments. The blue shaded region is ruled out by the BaBar

results.
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CEvNS from astrophysical sources 
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supernova rate as a function of z, with neutrino energies
redshifted as Eν/(1+z). The Kaplinghat, Steigman, and
Walker (KSW) model pushed uncertainties in the direc-
tion of producing the largest reasonable DSNB flux [15].
In the relevant energy range, E = 10 − 30 MeV, other
models have nearly the same shape but differ mostly in
normalization; also, several uncertainties are minimized.
The supernova rate is reasonably known in the relevant
range z <

∼
1 (where it rises by ∼ 10 over the z = 0

rate) [15, 16]. Uncertainties on cosmological and neu-
trino oscillation parameters no longer play a significant
role [16], the latter especially if realistic neutrino tem-
peratures [17] are used. The DSNB detection cross sec-
tion [5] may be treated at lowest order at present.

In Fig. 1, we show a range of DSNB spectra. The up-
per edge of the band is set by the SK limit [14] (0.6 of
KSW), and the lower edge by modern models [16] (0.2 of
KSW). The background-limited SK search [14] will gain
the required factor of 3 in sensitivity in about 40 years.
In GADZOOKS!, this sensitivity would be available im-
mediately. Requiring neutron detection would dramat-
ically lower the backgrounds below 18 MeV, where the
spallation beta singles rate rises rapidly. As the thresh-
old is lowered, the atmospheric neutrino backgrounds fall
and the DSNB signal rises. We calculate that the atmo-
spheric [18] backgrounds can be reduced by ∼ 5 from the
measured rates [14] by rejecting events with a preced-
ing nuclear gamma [19] or without a following neutron.
Further rejection (not shown) is likely possible by re-
quiring a small position separation between prompt and
delayed events, since DSNB events produce much less en-
ergetic neutrons. The number of DSNB events expected
in GADZOOKS! is about 2 − 6 per year above 10 MeV.
Uncertainties smaller than the corresponding Poisson un-
certainty can be ignored.

Detection of the DSNB would be an extremely impor-
tant scientific milestone. It could be the first detection of
neutrinos from significant redshifts z <

∼
1, and the second

detection of supernova neutrinos. With the exception of
SN 1987A in the Large Magellanic Cloud, a close com-
panion of our Galaxy, neutrinos have never been detected
from farther than the Sun. The DSNB flux is propor-
tional to the rate of all core-collapse supernovae, includ-
ing optically dark “failed” supernovae that collapse to
black holes. The DSNB spectrum shape would also pro-
vide a crucial calibration for numerical supernova models,
since in relatively few years, the sample of neutrinos from
SN 1987A could be surpassed

Galactic Supernova.— Supernovae in our Galaxy
are expected about 3 times per century, and SK would
observe ∼ 104 events at a typical distance of 10 kpc. The
ability to cleanly identify the dominant ν̄e + p → e+ + n
events would be extremely important for studying the re-
maining reactions, notably νe +16 O → e− +16 F, which
is exquisitely sensitive to the νe temperature and hence
neutrino mixing [20]. Hundreds of νe events could be ob-
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FIG. 1: Spectra of low-energy ν̄e + p → e+ + n coincidence
events and the sub-Čerenkov muon background. We assume
full efficiencies, and include energy resolution and neutrino os-
cillations. Singles rates (not shown) are efficiently suppressed.

served, far more than in any other detector. The neutral-
current events on 16O that lead to gamma and/or neutron
emission would be much better identified, of key impor-
tance for measuring the νµ/ντ temperature [21]. Even in
the forward angular cone, inverse beta events dominate
neutrino-electron scattering events [22]. Isolating those
events would be very useful: it would help detect the neu-
tronization burst νe events; it would improve the pointing
to the supernova by a factor of about 2, down to about
2◦ [22]; and it would allow better spectral studies. Using
timing information alone, SK could immediately recog-
nize a supernova as genuine by the unique time structure
of the events: almost all events in pairs separated by
tens of microseconds, much shorter than the separation
between subsequent neutrino interactions. Neutron de-
tection would improve the ability to study bursts out to
very late times, or to detect faint bursts.

Other Physics.— The solar ν̄e flux is <
∼

1% of the
predicted νe flux [23]. Requiring a neutron coincidence
would greatly reduce backgrounds, and the sensitivity
would be better than about 0.01%; the weak directional
information [5] may allow even better sensitivity. For
atmospheric and accelerator neutrinos, the ability to de-
tect neutron captures delayed from the neutrino inter-
action would shed new light on the hadronic final state.
This would be useful for separating (especially sub-GeV)
neutrinos and antineutrinos (which preferentially eject
protons and neutrons, respectively) and for probing the
type of neutrino interaction. For accelerator neutrinos,
neutrino-neutron elastic scattering will be a significant
new neutral-current channel. For proton decay, neutron

Atmosphere  
Low energy (< 50 MeV) atmospheric neutrinos 
Flux uncertainties, dependence on detector location 
Neutral current interaction; nuclear cross section uncertainties 

Sun  
Neutral current 8B energy spectrum  
CEvNS + electron scattering evenets (Recent Xenon nT) 



CEvNS with atmospheric neutrinos  
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FIG. 3: The di↵erential fluxes of atmospheric neutrinos that
are accessible by various experiments, normalized to unity.
The electron and muon-flavored fluxes are indicated with the
dashed curves, and the solid black curve is the total atmo-
spheric neutrino flux, summed over all flavors. The features
in the neutrino fluxes result from pion and muon decay at
rest [19]. Future dark matter experiments will access an atmo-
spheric neutrino energy range that is not accessible to Super-
K.

III. METHOD

A. Detector properties

Dual-phase noble time-projection chambers (TPCs)
have proven to be a robust and scalable detector design
for direct dark matter searches [20–22]. Detectors of this
design are sensitive to O(1 keV) nuclear recoils and pro-
vide 3D position reconstruction of events. The position
reconstruction allows for detector fiducialization, where
one takes advantage in particular of xenon detectors to
self-shield, to achieve very low background in the central
target volume. This is achieved through the detection
of both the scintillation photons and ionization electrons
that are produced by interactions in the detector bulk.
The prompt scintillation light signal, S1, is measured di-
rectly by an array of PMTs on the top and bottom of the
detector. The liberated electrons are drifted to the sur-
face of the liquid phase and extracted into the gas phase
where, through an avalanche process, they produce the
delayed scintillation signal, S2.

We model a future Generation-3 xenon detector as a
scaled-up version of the LZ detector, with dimensions
scaled to obtain a fiducial region of 100 tonnes. The de-
tector is modeled using the NESTv2 code which simulates
the detailed micro-physics of the quanta production, re-
combination and final signal detection for electronic and
nuclear recoil events in xenon [13]. We use a series of

di↵erent detector configurations to investigate the e↵ect
of the di↵erent detector parameters on the results of the
analysis. The values for the parameters are chosen be-
tween two values: a baseline value, where the parameter
is similar to that already achieved in XENON1T [23, 24],
and an enhanced value that we deem achievable based
on ongoing work in the community. A summary of these
configurations is given in Table I. In all configurations, we
take the double-photoelectron detection probability to be
22%, the number of PMTs to be 1200, and we require a
3-fold PMT coincidence for detection. Further details of
the detector parameters, including the PMT properties
and geometry, are taken from Refs. [25, 26]. All analysis
code, configuration files and results are publicly available
for download [27].

For comparison we also model a future Generation-3
argon detector. As argon detectors are able to achieve
excellent electronic/nuclear recoil discrimination, no de-
tailed detector simulation is required. We instead as-
sume perfect discrimination above nuclear recoil energies
of 25 keV, i.e. zero electronic recoil background in the re-
gion of interest. Proper modelling of the detector would
be able to account for the roll-o↵ of discrimination ability
at low energies, allowing one to lower the threshold at a
cost of e�ciency. However, since the atmospheric rate is
not strongly dependent on threshold, the small increase
in signal would only have a correspondingly small e↵ect
on the present analysis.

B. Background components

In this analysis we only include intrinsic backgrounds
to an atmospheric neutrino search in xenon, assuming
all other backgrounds are subdominant. This seems re-
alistic in light of the current state of the art, with only
mild extrapolation needed to a Generation-3 detector.
The irreducible background consist of: electronic recoils
from solar pp and 7Be neutrinos, nuclear recoils from so-
lar 8B and hep neutrinos, the di↵use supernova neutrino
background (dsnb), and the ⌫⌫�� decay of 136Xe. The
⌫⌫�� background could be suppressed through depletion
of 136Xe, as explored in [11]. Here however we assume no
depletion, as 136Xe is not the dominant background and
will likely be desirable for a 0⌫�� search.

In this work, we use calculations of the solar neutrino
electronic recoil rate from Ref. [28], which account for
a ⇠ 23% suppression of the rate due to atomic binding
e↵ects. Additionally, we account for a ⇠ 9% reduction
of the charge yield for L-shell electron recoils, as recently
observed in electron-capture calibrations of the XELDA
detector [29]. This has the e↵ect of widening the solar
neutrino electronic recoil band and thus slightly increases
the number of electronic recoil background events in the
nuclear recoil signal band.
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FIG. 4: Left: Regions which contain 90% of the events due to the specified source. The dashed (dotted) line shows the median
of the nuclear (electronic) recoil band. Right: Same as right panel, except now assuming an exposure of 0.2 kilotonne-years,
and zooming in on the vertical axis. Points represent simulated events from the indicated flux components.

TABLE I: List of detector configurations and their corresponding parameters modelled in NEST. Note that g2 is a derived
parameter calculated from more fundamental detector parameters, see [27] for the full detector files used for this analysis.

Configuration g1 (phd/�) g2 (phd/e) drift field (V/cm) electron lifetime (µs)

baseline 0.12 44 100 650

enhanced g1 0.3 44 100 650

enhanced g2 0.12 100 100 650

enhanced V 0.12 44 1000 650

enhanced e-lifetime 0.12 44 100 5000

all enhanced 0.3 100 1000 5000

C. Likelihood analysis

To evaluate the future potential for discovery and mea-
surement of the atmospheric neutrino flux, we perform
a binned likelihood analysis on representative (Asimov)
data sets [30], simulated with various detector exposures.
To generate these data sets, we first perform a Monte
Carlo simulation for each detector configuration, with 108

events for each source of neutrinos. To investigate the ef-
fect of retaining position information in our likelihood, we
obtained simulated distributions of events in two spaces:
{cS1, cS2} and {S1,S2,r,z}, where c in cS1 refers to the
S1 signal after correcting for position-dependent e↵ects
(as performed by NEST), and r and z refer to the radius
and depth of the event in the detector.

The distributions obtained for the ‘all enhanced’ detec-
tor configuration are shown in the left panel of Figure 4
at the 90% confidence level. The separation of signal and
background regions can be deceiving since the expected
rate for the solar components are orders of magnitude
greater than for the atmospheric rate. To visualize the
leakage of background events into the expected atmo-
spheric background region, we therefore show a sample
exposure of 0.2 kilotonne-years (kty) in the right panel

of Figure 4. This sample exposure highlights the futil-
ity of trying to define a background free region for an
atmospheric neutrino search and why we must rely on
statistical discrimination in the {cS1, cS2} plane.
The analysis is performed in a region-of-interest de-

fined by: 2  cS1  120 and 2  log10(cS2)  4.56.
Extending this range does not improve our results sta-
tistically, so this range is chosen to reduce the compu-
tational burden of the analysis by allowing us to focus
our simulation on the regions where our signal events are
expected. These regions are divided into NS1 = 120 and
NS2 = 120 bins, and the event positions are divided into
Nr = 3 and Nz = 5 bins. The Poisson likelihood function
is thus,

L(n|�(µ0)) =
NS1X

i=1

NS2X

j=1

NrX

k=1

NzX

l=1

Poisson(ni,j,k,l|�i,j,k,l(µ
0))

(4)
where Poisson(ni,j,k,l|�i,j,k,l(µ0)) is the Poisson probabil-
ity of observing ni,j,k,l events in the i, j, k, l bin, given an
expected (mean) number of events,

�i,j,k,l(µ
0) = bi,j,k,l + µ0si,j,k,l, (5)

for a given signal strength, µ0, expected background, b,
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